electrophoresis and sensitive detection of polymerase chain reaction (PCR) products amplified with primers has been used to identify molecular markers tightly 
STS-CAPS markers should allow rapid incorporation a polymorphic 6-base pairs (bp) insertion-deletion (indel). The cosegregation of the STS markers with

creasingly important in the central USA (Line and
Cleaved amplified polymorphic sequence (CAPS) markers were then Chen, 1996; Chen et al., 2002) . Growing resistant cultideveloped on the basis of a DpnII restriction site that is present in vars is the preferred method of controlling stripe rust all non-Yr5 varieties and absent in the Yr5 NIL. The CAPS markers (Line and Chen, 1995) . However, rapid changes in the to all races identified so far in the USA (X.M. Chen, unpublished data), RGAP markers have been developed for Yr5 (Yan et al., 2003) and other stripe rust M olecular markers are useful in developing resisresistance genes (Shi et al., 2001; Chen and Yan, 2002) . tant cultivars and, especially useful in developing Yan et al. (2003) identified RGAP markers for Yr5 cultivars with pyramided resistance genes (Castro et al., and constructed a high-resolution map for the locus. 2003). Usefulness of a molecular marker for a disease Among the 16 RGAP markers, six markers were comresistance gene is determined by (i) how close the pletely associated with the Yr5 locus. Two of the six marker is linked to the gene, (ii) how easy the marker markers cosegregated with the Yr5 resistance allele and can be identified, and (iii) more importantly, whether the other four cosegregated with the susceptible allele the marker is polymorphic between the gene donor and from AVS. Of the five markers that were cloned and a wide range of the crop genotypes. The RGAP techsequenced, Xwgp-17 (546 bp, GenBank no.: AY167597) nique (Chen et al., 1998) , which utilizes high-resolution and Xwgp-18 (540 bp, AY167598), which were codominant and completely cosegregated with the Yr5 locus, had 98% homology to each other and had over 50% (Wellings and McIntosh, 1998) . Three
Design STS Primers
individual plants of the Yr5 NIL were crossed to AVS to The sequences of RGAP markers that were determined in develop the mapping population BC 7 :F 3 lines as described by the previous study (Yan et al., 2003) were used to design STS Yan et al. (2003) .
primers. Because markers Xwgp-17 (GenBank no. AY167597) Seedlings of parents, progeny, and TSA were grown and and Xwgp-18 (AY167598</exlink>) were codominant, comtested for stripe rust resistance under controlled greenhouse pletely cosegregated with the Yr5 locus, and had resistance conditions by the methods described by Chen and Line (1992a, gene like sequences (Yan et al., 2003) , STS primers were b). Collection of phenotypic data for stripe rust reactions in designed on the basis of the sequences of Xwgp-17 and Xwgpthe parents and the BC 7 :F 3 lines was described in the previous 18. Sequences of the STS primers are shown in Table 1 and study (Yan et al., 2003) . Table 2 . by the same methods.
Developing CAPS Markers DNA Extraction, PCR Amplification,
The STS markers were not polymorphic in 10 out of 17 Electrophoresis, and Gel Visualization cultivars and advanced breeding lines that did not have the The genomic DNA of the parents and 114 BC 7 :F 3 lines Yr5 gene and therefore additional polymorphisms were tested. described by Yan et al. (2003) were used in this study. Genomic PCR products from wheat genotypes UC896, UC1107, DNA was extracted from parents and F 1 progeny from crosses UC1128, UC1358, and RSI 5, which were not polymorphic of the Yr5 NIL with various elite breeding lines using the with the Yr5 NIL for the STS markers, and UC 1358, which was same procedures. Conditions and procedures for PCR amplifipolymorphic with the Yr5 NIL, were sequenced and compared cation, electrophoresis, and gel visualization were described with the sequences from the Yr5 NIL and AVS. A single base by Yan et al. (2003) .
pair polymorphism that generates a DpnII restriction site in the DNA of susceptible parents was used to develop a CAPS marker that was tested in a large set of cultivars (Table 3) Cloning and Sequencing using primers Yr5STS-9 and Yr5STS-10. Conditions for PCR The PCR fragments from elite lines were cloned and seamplifications were the same as for the STS markers. The quenced by the procedures described by Yan et al. (2003) .
reaction mixture for enzymatic digestion contained 17.5 L The bands subjected to cloning and sequence analysis were of PCR product, 0.5 L (5 U) of restriction enzyme DpnII excised from a dried polyacrylamide gel after applying a drop (New England Biolabs, Beverly, MA) and 2 L of 10ϫ buffer of sterile water. An excised band was soaked in 2 L of H 2 O for DpnII (New England Biolabs). Samples were incubated for at least 1 h, and the solution was used as the template DNA at 37ЊC for 2 h and the digestion products were separated in for reamplification with the original RGA or STS primers. The either 1.5 or 2.8% (w/v) agarose gels. reamplification product was used for cloning. Four microliters of the reamplification mixture was used for cloning into vector
Data Analyses
TOPO TA pCR2.1 (Invitrogen, Carlsbad, CA) following the procedures recommended by the manufacturer. Plasmid DNA The rust reaction phenotype for each of the 114 BC 7 :F 3 from 10 single colonies derived from each cloning reaction lines was available from the previous study (Yan et al., 2003) . was examined in a 1% (w/v) agarose gel to determine the size The segregation ratios of stripe rust reactions and STS markers of the inserted fragment. To obtain more accurate sequences, were determined using the Chi-square test (Steel and Torrie, two or more clones with the expected insert size were se-1980) . The association of the rust reaction and molecular quenced with the ABI 377 sequencer (Applied Biosystems, markers were determined by comparison and linkage mapping analysis using the Mapmaker program (Lander et al., 1987) . Foster City, CA). 
RESULTS
9/12, 9/13, 9/16, 11/8, 11/12, 11/14, 15/8) produced the expected polymorphic bands in the bulked segregant
STS Marker Development
analysis. Six primer pairs (5/12, 5/13, 7/12, 7/13, 9/12, and Sixteen STS primers were designed on the basis of the 11/12) produced dominant markers and 13 produced sequences of Xwgp-17 and Xwgp-18 markers previously codominant bands (Table 2 ). The amplification product identified by the RGAP technique (Table 1) . Twentyfrom the Yr5 NIL was 6 bp larger than the AVS product, one combinations of these primers were used to amplify and this difference could be seen in denaturing polygenomic DNA from the Yr5 NIL, AVS, and the resistant acrylamide gel electrophoresis but was difficult to detect and susceptible BC 7 :F 3 bulks. Nineteen primer pairs (5/6, in agarose gels. 7/8, 9/10, 11/13, 5/8, 5/10, 5/12, 5/13, 5/16, 7/12, 7/13, 7/16, The best primer combinations for separating the resistant and susceptible alleles at the Yr5 locus were primer Two codominant STS primer pairs (Yr5STS-7/8 and showed only the lower fragment, and the 58 heterozygous lines for Yr5 were also heterozygous for the two Yr5STS-9/10, Table 1 ) and one dominant pair (Yr5STS-5/12, Table 1 ) were selected to determine their associacodominant STS markers (Fig. 3 ). When tested with the primer pair Yr5STS-5 and Yr5STS-12, which produced tion with the Yr5 locus. As expected, all the markers produced by these STS primers completely cosegrega dominant marker for the resistant Yr5 allele, the 21 homozygous resistant and 58 heterozygous lines proated with the resistance phenotype of the 114 BC 7 :F 3 lines. The 21 homozygous resistant lines showed only duced the specific amplification product and the 35 homozygous susceptible lines didn't have the specific prodthe larger fragment, the 35 homozygous susceptible lines uct. The marker bands in the homozygous resistant lines were stronger than those in heterozygous lines.
Validation of the STS Markers in Diverse Wheat Germplasms
The codominant STS markers amplified with primer pairs Yr5STS-7/8 and Yr5STS-9/10 were tested in a set of 24 wheat genotypes including cultivars grown in Caliand did not have the 289-bp fragment. However, four cultivars, Chinese Spring, Hyak, Sunfield, and LEN, fornia and the Pacific Northwest and advanced breeding lines from the UC Davis wheat-breeding program that had a fragment(s) with the same mobility as the 289-bp fragment and a fragment with the same mobility as the do not have the Yr5 gene (Table 3) . Of the 17 non-Yr5 lines tested for presence or absence of the 6-bp indel, 182-or 188-bp fragment resembling a heterozygous genotype. The results indicate that the codominant CAPS five showed the presence of the 6-bp shorter fragment characteristic of the susceptible variety AVS, 10 had markers could be used to incorporate Yr5 into an extended set of cultivars or breeding lines, but that a prethe same size fragment as the Yr5 NIL, and two were not clear at this time. These results indicated that the liminary test for polymorphism is required before starting the marker assisted selection process in crosses of Yr5STS-7/8 and Yr5STS-9/10 markers could be used for marker-assisted selection in crosses with some wheat the Yr5 donor with cultivars that were not tested in this study. cultivars, but could not be used for crosses involving these nonpolymorphic cultivars.
DISCUSSION
Developing CAPS Markers for Yr5
The resistance gene analog (RGA) approach that utiDNAs from five of the nonpolymorphic lines (UC896, lizes conserved domains of plant resistance genes in-UC1107, UC1128, UC1358, and RSI 5) were amplified creases the probability of identifying markers associated with the Yr5STS-9/10 primer pair and sequenced. As with resistance genes (Kanazin et al., 1996; Leister et expected from the electrophoresis results, the DNA seal., 1996; Yu et al., 1996) . Chen et al. (1998) improved quences from these lines revealed the absence of the the efficiency of the RGA method by separating PCR 6-bp indel that differentiated the Yr5 NIL from AVS fragments amplified with RGA primers using polyacryl- (Yan et al., 2003) .
amide gel electrophoresis and visualizing the bands usComparison of these DNA sequences with the seing silver staining. The technique was referred to as quence from the Yr5 NIL showed the presence of a resistance gene analog polymorphism (RGAP) (Shi et single base pair polymorphism that determines an addial., 2001) . Using the RGAP technique, Yan et al. (2003) tional DpnII restriction site (GATC/GATG in Fig. 1) developed the markers Xwgp-17 and Xwgp-18 that cosein AVS and the non-Yr5 genotypes compared to the gregated with the Yr5 locus in a population of 202 BC 7 :F 3 Yr5 NIL.
lines. Absence of recombination between two codomiDigestion of the Yr5STS-9/10 PCR products with the nant markers in an F 2 population indicates that a 95% DpnII restriction enzyme resulted in five restriction confidence interval for the distance between the STS fragments in the Yr5 NIL (289, 63, 56, 20, and 12 bp) , marker and Yr5 is ϩ/Ϫ 0.7 cM (Hanson, 1959) . This and four restriction fragments (182, 102, 20, and 12 bp) genetic interval in wheat can represent between 400 and in AVS and other non-Yr5 genotypes. The differences 2800 kb of DNA sequence on the basis of previous between the 289-bp fragment in the resistant lines and estimates of the ratios between genetic and physical the 182-bp fragment in the susceptible lines were easy distance in wheat (Lagudah et al., 2001) . Therefore, to visualize in agarose gels.
even though the STS markers have very high homology As expected, the DpnII polymorphism cosegregated with more than 700 protein sequences for cloned plant with the resistance phenotype in the 114 BC 7 :F 3 lines resistance genes (Yan et al., 2003) , the demonstration (Fig. 4) . Of the 26 non-Yr5 cultivars or elite breeding that the RGAP or STS marker is part of the Yr5 gene lines tested with the CAPS markers (Table 3) , 22 had the would require high-density mapping populations and additional DpnII restriction (182-or 188-bp fragments) positional cloning strategies that are beyond the scope of this study. The original RGAP degenerate primers S2 and AS3 (Kanazin et al., 1996) showed the polymorphic bands completely linked to Yr5 but they also amplify many other monomorphic bands that can complicate the scoring of the Yr5 specific bands. Moreover, the competition of these bands with the Yr5 markers for the primers can result in weak bands that can be difficult to score. Therefore, more locus specific markers are preferable.
The DpnII CAPS marker developed from the STS markers solved most of the problems of the STS markers. It produces a codominant marker that can be visualized in agarose gels and is polymorphic in a wider range the multiple alleles provide an opportunity to use the
